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Abstract 
Multiphase induction motors are recently used in applications like electric vehicles, high 
power drives with increased degree of freedom and energy conversion systems where 
reliability is a great concern. Recently, availability of fast switching devices and controlling 
digital processors has focused interest on the use of multiphase induction motor drives. In 
this paper, a five phase induction motor has been considered for study the drive performance. 
The mutually perpendicular stationary reference frame model of the motor is considered for 
simulation study. For field orientation control law implementation, the synchronously 
rotating frame current components are used and with these the slip speed is calculated. The 
reference torque component of current is generated by processing the speed error through a 
conventional PI controller. The current regulated PWM control is implemented through a 
hysteresis controller for switching to proper dc voltage. The drive performance was 
evaluated by writing C++ codes in code block environment. Simulation results are presented 
to describe the drive performance which show the very fast response of the drive system 
during transient conditions. The drive system speed is found to immune due to sudden load 
torque changes and phase fault conditions thus justifying the effectiveness of the drive system. 
 
Keywords: Current regulated PWM, hysteresis current control, indirect field orientation 
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INTRODUCTION 
Multi-Phase Induction Machine (MPIM) 
provides advantages of more reliable and 
higher power density drive controlled by 
power electronic converters. Specially, the 
five phase induction motor field from 
square wave input is closer to circular 
pattern like a three phase induction motor 
with sinusoidal excitation. The motor can 
even carry some load during a phase fault. 
Increased number of phases reduces 
pressure on power semiconductor 
switches. Another advantage is reducing 
the effect of harmonic components by 
increasing order of harmonics in 
multiphase machines. The most important 
feature of multiphase machine with 
multiphase inverter is the degree of 
freedom of control system. The design 
criterion and placing of windings in 
multiphase machines can be optimized 
with reducing copper cost with increased 
number of phases and reduced breadth of 
coils. The above advantages has 
encouraged researchers to work in this 
area. Special attention has been given to 
applications of multiphase induction 
machines in electric vehicles. Compared to 
three phase drive systems the five phase 
drive systems provide the advantages of 
per phase limited voltage rating, reducing 
torque ripples and degree of freedom of 
control [1]. 
 
The multiphase drive technology appeared 
first in the literature, considering torque 
ripple reduction and enhancement of 
reliability [2]. However, very little 
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advancement in this drive area has been 
observed in the later three decades of 20
th
 
century. This is due to limitations in 
semiconductor switches and proper 
controllers. Recently, multiphase machines 
along with their power converter and 
controller are currently being used where 
both the machine and its control 
electronics are designed as an integrated 
drive system for a specific purpose, rather 
than as individual components. They have 
been found to be ideally suited, for the 
applications such as electric vehicles 
propulsion, where their fault tolerance, 
high efficiency, low acoustic noise and the 
ability to distribute the drive electronics 
are seen as particularly advantageous [3]. 
Field oriented control is usually employed 
to control multiphase induction machines. 
Some recent papers introduce control 
schemes to minimize torque ripples, 
equalized phase currents and minimum 
copper losses are among the most common 
targeted optimization functions [4, 5]. 
Most of the proposed controllers are 
mainly based on rotor field oriented 
control that requires accurate machine 
parameters to ensure proper orientation. 
An optimal current control (OCC) 
strategy, first suggested in study which 
aims to generate a smooth rotating air-gap 
MMF, which requires the compensation of 
supply asymmetry by properly regulating 
the currents in the remaining healthy 
phases [6]. Meanwhile, redundant DOFs 
could be utilized to optimize the current 
references. Study on control schemes for 
six-phase induction motor drives are given 
in one study shows that symmetrical six-
phase induction motors has overheating 
and burning problems [7]. The paper has 
described control of asymmetrical six-
phase induction motor controlled with 
inverters. A mathematical model of the 
six-phase IM under open-circuited faults 
were analyzed and fault-tolerant FOC was 
proposed and found that torque density of 
the multiphase machine can be improved 
by the adoption of concentrated stator 
windings [8]. Recent developments in the 
fields of multiphase induction machines 
has been described in one study based on 
two viewpoints viz., (a) recent progress in 
the research, (b) additional degrees of 
freedom to the control system [9]. They 
have analyzed the applicability of 
multiphase induction machine in wind 
energy generation system. A propulsion 
drive of EVs based in five–phase induction 
machines is proposed and analyzed. In one 
study, a predictive torque control 
technique for the speed and torque 
regulation of the multiphase drive is 
proposed [10]. The control method is 
designed analyzing different cost functions 
avoiding the use of modulation techniques 
and is claimed to work effectively. The 
cost function they used include a term to 
limit the stator current components. 
Multiphase motor drives (more than three 
phases) have several advantages over 
conventional three-phase drives such as 
lower space-harmonic content, can operate 
even during phase open fault, higher 
torque density, and higher efficiency, so 
this can be used in various applications 
like Locomotive traction, High power 
compressor, Electric ship propulsion, 
More-electric aircrafts etc., is documented 
in study[11]. A reduced order rotor current 
estimator using Kalman Filter is proposed 
and applied [12]. Simulation results 
demonstrates the effectiveness of the 
controller. Simulation model of five phase 
induction machine in mutually 
perpendicular axis system based on 
mathematical modeling is shown in study 
[13]. The motor control system using V/f 
Control Technique is modeled using 
simpower system block-set of 
Matlab/simulink. SPWM Technique is 
used to generate the pulses for the inverter 
in the paper. 
 
Mathematical Model of Five Phase 
Induction Motor 
A five phase induction motor has five 
stator coils. We consider a squirrel cage 
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rotor. The stator phase coils are 
symmetrically oriented in stator core and 
are 72° away from consecutive phase 
coils. Assuming no leakage and flux 
fringing the voltage equations of the 
machine are written as [10]:
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Considering power invariant transformation where angle between two consecutive phases is 
α=72o for five phase system we can write the following transformation:  
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It is very difficult to simulate induction machines in physical variables. We shall consider 
mutually perpendicular stator fixed arbitrary reference frame to avoid mutual coupling 
between the phases. With this consideration we have: 
                                                                                                                       (7) 
                     
                                                                                                    (8) 
Where, the flux linkages λ αs and λ βs are defined by: 
       =                                                                                                             (9) 
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The rotor circuit voltage equations are written as: 
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 In the above two equations the rotor flux linkages λ αr and λ βr are defined as: 
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The state space representation of the system is described below in matrix form with two 
stator currents and two rotor flux linkages as state variables. 
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Where,   
    
 
    
 and     and     are the equivalent two phase voltages. Using power 
invariant transformation these voltage components             are generated from actual 
phase voltages using the relation. 
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The electromagnetic torque developed is written as: 
   √
 
 
                        (             )                                 (15) 
With Tl as load torque, J as inertia coefficient and B as friction coefficient at motor 
mechanical speed     e torque balance equation is given by 
Td=Tl + J
    
  
                                                                                                             (16) 
 
Field Orientation Control of Multiphase Induction Machine 
An indirect field orientation control method is proposed in this study. The indirect field 
orientation control technique is implemented from the synchronously rotating frame 
equations of the machine. In brief, the motor slip is regulated considering the d-axis 
component of stator current as constant. The angular slip speed is written as: 
    
  
  
       
       
                                                                                                                       (17)  
A block diagram of the control system is shown below: 
 
Figure 1: Block diagram of the proposed control scheme. 
 
The proposed control system compares the 
actual speed with the reference speed to 
generate the speed error. The speed error is 
processed through a PI controller to 
produce the torque component of reference 
current Iqs,ref. The reference flux 
component of current Ids,ref is generated 
from flux command. These currents are 
related to the stationary two axis currents 
as: 
[
   
   
]=[
         
        
] [
       
       
]       (18) 
The reference phase currents are generated 
from the inverse transformation of (6) and 
compared to the actual phase currents 
through hysteresis comparator to decide on 
the switching state (+Vdc or –Vdc) of input 
voltage through a hysteresis comparator as 
shown below. Here only “a” phase 
controller is shown in Fig. 2. The other 
phase controllers are similar.
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Figure 2: Firing pulse generator for “a” phase using hysteresis controller. 
 
Simulation Results: The five phase 
induction motor was tested for different 
operating conditions to verify the drive 
performance. A computer program was 
developed in C++ using code block 
software. The induction machine model 
along with the controller equations were 
simulated using RKG fourth order routine 
and algebraic equations using a time step 
of 0.25 micro second. The curves were 
plot in using Origin 8.0 software package. 
Starting Condition: The drive 
performance was observed for starting 
conditions. The motor was started from 
rest conditions for a step command of 
reference speed 1432 rpm (150 radian per 
second). The motor was reached set speed 
in 1.315 second with a load torque of 0.5 
nm. This can be visualized from Fig. 3 (a) 
given below. The motor speed rises 
constant acceleration without any 
overshoot, undershoot or oscillation 
excluding the very initial conditions. The 
actual phase current of motor shown in 
Fig. 3 (b). It can be visualized that the 
phase current are sinusoidal in nature. The 
magnitudes of phase current decrease after 
the motor reaches to set speed at 1.315 
second. The torque characteristic of the 
motor shown in Fig. 3 (c). It is observed 
when the motor speed reaches set speed 
the torque is reduced as at steady state 
condition no torque absorbed by inertia 
element. The difference between 
developed and load torques is the torque 
absorbed by damping component at this 
stage. The variation of slip characteristic 
given in Fig. 3 (d). It is observed that the 
slip speed is higher when the developed 
torque is also higher. The slip speed 
reduces as the developed torque is 
reduced. The flux characteristic is 
indicated in Fig .3 (e) shows a circular 
field pattern as we know exist for 
polyphase induction motor. The flux angle 
variation is indicated in Fig. 3 (f). 
 
 
          (a) Motor speeds at starting condition.              (b) Five phase current (zoomed view) 
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           (c) The torque characteristic.                           (d) The slip speed characteristic. 
 
        (e) The flux profile of the motor.                           (f) Flux angle variation. 
Figure 3: Drive performance at starting condition. 
 
Sudden Application of Load Torque 
The drive performance was tested for sudden 
load torque change. The motor was initially 
running under steady state condition with a 
load torque of 0.5 Nm. At t=2 sec the load 
torque was suddenly increased from 0.5 Nm 
to 3.5 Nm. As shown in Fig. 4 (a) the 
developed torque also increases within a very 
short interval to cope with the enhanced load 
torque. No fall in speed observed for this 
abrupt load torque change as can be seen 
from Fig. 4 (b). The slip speed also changes 
due to enhanced load torque as can be 
visualized from Fig. 4 (c). The motor phase 
currents change due to the increased load 
torque which is indicated in Fig. 4 (d). The 
results thus prove high performance nature of 
the drive system. 
  
 
(a) Sudden load torque change.             (b) Speed response due to sudden load torque change. 
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(c) Slip speed due to sudden load torque change.          (d) Change in phase currents due to load torque change. 
Figure 4: Drive performance at sudden load change. 
 
Speed Variation 
Drive performance has been tested for 
speed variation. The motor has been 
running at 955 rpm (100 rad/sec) steady 
state condition starting with a load torque 
of 0.5 Nm. At time t=2 sec the reference 
speed has been decreased in step to 478 
rpm (50 rad/sec). The motor speed settled 
then the reference speed increased to 1432 
rpm (150rad/sec) at time t=4 sec. For both 
the cases the actual speed has fallen and 
risen and tried to follow the reference 
speed as shown in Fig. 5 (a). It is observed 
from Fig. 5 (b) that during deceleration the 
develop torque becomes negative and less 
than the load torque and the time of 
acceleration the develop torque is higher than 
the load torque due to the inertia component 
of load as is evident in Fig. 5 (b). The slip 
speed variation characteristic is identical to 
the torque variation as the induction motor 
torque is slip dependent. During deceleration 
the torque component of current allowed to 
be negative and is reflected in Fig. 5 (b) and 
Fig. 5 (c). The current also changes that is 
shown in Fig. 5 (d). At time t= 2 and 4 sec 
when speed change command is given the 
changes in angles of two phase currents are 
noticeable from zoomed version of phase 
currents Fig. 5 (e) and Fig. 5 (f). 
 
 
(a) Reference and actual speed variation.         (b) Developed torque response. 
 
 
                        (c) Slip speed response.                                           (d) Phase currents. 
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                    (e) Zoomed phase currents.                          (f) Zoomed phase currents. 
Figure 5: Drive performance at speed variation. 
 
Speed Reversal 
The drive system has been tested for speed 
reversal as it was running at 955 rpm(100 
rad/sec) under steady state condition. At t= 
2 sec the reference speed was changed to -
955rpm (-100 rad/sec). It is observed in 
Fig. 6 (a) that the motor speed decreases 
and settles to -955 rpm. During 
deceleration the motor torque becomes 
negative as in Fig .6 (b). 
 
        
(a) Reference and actual speed reversal characteristic. (b) Torque variation under speed reversal.  
Figure 6: Drive performance at speed reversal. 
 
Asymmetrical Operation with One 
Phase Open 
The motor was also tested for 
asymmetrical operating conditions 
created delicately with “a” phase open 
at 2.0 sec when the motor was running 
under steady state conditions as shown 
in Fig. 7 (a). No fall in speed is 
observed at this condition that can be 
depicted from Fig. 7 (b). The torque 
characteristic in Fig. 7 (c) indicates no 
extra oscillation introduced by this 
condition and the slip speed remains 
steady as depicted in Fig. 7 (d).
 
  
(a) Phase currents with “a” phase open.      (b) Effect on motor speed with “a” phase open. 
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            (c) Torque response with “a” phase open.        (d) Slip response with “a” phase open.         
Figure 7: Drive Performance with one phase open. 
 
CONCLUSION 
In this study, a five phase induction motor 
drive system has been considered for field 
orientation condition under current 
controlled PWM mode. The drive system 
performance was studied under starting, 
speed changes and reversal, sudden load 
torque enhancement and asymmetrical 
operating condition with a phase fault. 
Speed response is found to exhibit very 
fast with no overshoot or undershoot 
during these changes. It has the capability 
of speed reversal and immunity to speed 
during the sudden torque disturbances and 
asymmetrical operating conditions. 
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